Doctoral Dissertation

Solil fertility and its correlation with green-tea
elemental and functional components in a
special tea-production area around Cong River
In Thal Nguyen province, Vietham

N RS AES A ﬁ:f—//é SN AIND
CF%%F}?%EF%H} B 5 B ERE L
T DIRBER T %ﬁ%‘iﬁ (2 B9 D5

by
Hoang Huu Chien

Kuroshio Science program

Kochi University

March 2020



Contents

SUIMIMIBEY ..otttk b e sk et e bt e e h e e e bt e e a b e e s ke e e be e e mb e e ehe e et e e ebeeembeenaeeanbeenreas 1
Chapter 1. General INtrOAUCTION .........coiiiiiiiieie e 6
1.1. Tea plant and its production and consumption in VIetnam ..........cccccccevereneneninnnnnnns 6
1.2. Chemical components related to tea quality ..........cccoeveeiiiiciici e 8
1.3. Tea garden soil and its interaction with tea production and tea quality..............c........ 9
1.3.1. Environmental and nutrient requirements of tea plantation...............cccccceeveveennnne 9
1.3.2. Soil acidification due to excessive N fertilization...........cccccoecvviveveiieniencsnene. 10
1.3.3. Influence of soil acidification on soil-plant nutrient dynamics...............ccccuo..... 11

1.4, STUAY ODJECTIVES ...ttt 12
Chapter 2. Description of study area and sampling SiteS ........cccccovvviveveiieieeieseee. 16
2.1. General information on Thai NQUYEN ProViNCe.........ccoceveririiieieiieiesc e 16
A (10 V. - VOSSPSR 16
2.3, SAMPIING SIEES ...t bbbt ene s 17
Chapter 3. Soil pedological characteristics of tea gardens ............ccccccevvveveiieiiece e, 20
3L INEFOTUCTION ...ttt bbbttt bbb e nrenneas 20
3.2. Materials and MethOUS .........oiuiiieeiiesieee e 21
B0 I (1T |V | (=SSR 21
3.2.2. Soil sampling and @nalySIS .........cccooiiiiiiiiiii s 21
3.2.3. StatistiCal ANAIYSIS .......ccvveiiiieie e 22

BT =TSR 22
3.3.1. Morphological ProPerties ........cvceiieieeie e 22
3.3.2. Physicochemical PrOPerties..........cocvieririiinieiee s 23
3.3.3. SOl total EIEMENLS ... .oiviiiiiieieee s 27
3.3.4. Si, Al, and Fe oxide-hydroxides and clay mineralogical composition................ 29

KT B 1T (XS] o] o USRS 34
K20t S To | o Fo TS 1 o LA o] SR 34
3.4.2. Soil characteristics in terms of mineralogy and weathering status ..................... 34
3.4.3. Soil chemical characteristics and fertility ...........ccccoceeeinniniicce e 36
Chapter 4. Assessment of soil fertility ... 38
4t I 111 oo U od o] U PSPPSR 38
4.2. Materials and MethodsS ...........coeiiiiiie e 39
4.2, 1 SEUAY SITES ..veiviieiie ittt et et et et e e sa e be e re e re e e 39
4.2.2. Soil sampling and @nalySIS .........cccooiiiiiiiiiiiee s 39
4.2.3. Soil solution sampling and analysis ...........cccccveiiieiie i 41
4.2.4. Data @NAIYSIS ....ooviiiiiitiiteiee e 41

4.3, RESUITS ...ttt bttt ettt nee s 42
4.3.1. Soil physicochemical Properties.........coouriiiriiiierese s 42

4.3.2. Trace elements availability..........cccooiiiiiiii 47



4.3.3. SOil physSiCal PrOPErtIES ........cveieiiieieier s 49

4.3.4. Chemistry of SOIl SOIULION ..........coviiiiiicc e 52

O D T ol B 1] o] USSP RTTRORURN 57
4.4.1. Characteristics of soils in the Study area..........cccocvevveveiieiecie e 57
4.4.2. Relevant factors to determine soil fertility Status..........cc.cooviviieieniiieniiinee 61
4.4.3. Soil solution and leaching loss of nutrients from soils............c.ccccevviiiiieincnnenn, 66
Chapter 5. Evaluation of tea qUAalITY .........ccoooeiiiiiiiiiicee e 68
T8 I 1] T (1 ot A o o SR PR S 68
5.2. Materials and MEthOGS ..........cooiiiiiiiiee e 69
5.2.1. Tea 1eaves SAMPIING .....ccviiiieieer e 69
5.2.2. Analytical MethOUS..........ccciiiiiiee e 69
5.2.3. StatistiCal MENOUS. .........oiieiiee e 70

5.3 RESUILS ...ttt bbbttt bbb nre s 70
5.4 DISCUSSION .....vvetieeeeiestee e et stee bt see s s et estesseesteeseeeseesseesteaseesseesseeneesseenseaneenseenseenee e 74
5.4.1. Functional components and tea evaluation .............ccccocevveevvcieiecse e 74
5.4.2. Importance of mineral elemMeNntS...........cooiiiiiiiiine e 76
Chapter 6. Elucidation of important soil parameters affecting tea quality .................. 79
LG T8I ] T [1 ot A o o PR 79
6.2. Materials and MELhOUS ..........ccoiiiiiiieee e 80
6.3. RESUILS AN QISCUSSION .....veeveiiiieiieieciie sttt sreeeeenee e 80
6.3.1. Important soil parameters affecting tea quality............cccocoeviiiiiiini i, 80
6.3.2. Soil condition and the accumulation of nutrient elements in tea leaves ............. 83
Chapter 7. Conclusion and recommendation............c.ccccovveveiieiieie e 86
ACKNOWIEAGEMENTS ...t ettt e s re e e e sreeae s 90

LIEEIATUIE CITEA ...ttt et e e e e e e et e e e e e e e e e e 91



List of Tables

Table 1.1. Tea production in the world and in Vietnam from 1970 to 2016..............cceeveeee. 7
Table 1.2. Climatic condition of major tea production areas in Japan, China, India, and
BV L0 U PSSR PRSPPI 14
Table 2.1. Information Of StUAY SIES........ccuiiieiieiicie e 19
Table 3.1. Morphological properties 0f SOIlS.........cccviiveii i 24
Table 3.2. Physicochemical properties 0f SOIIS ...........cooeeiiiiiiiiiee s 26
Table 3.3. The contents of total elements in SOIlS ..........ccooviriiiiiiiii s 28

Table 3.4. Si, Al, and Fe oxide-hydroxides and clay mineralogical composition of soils ... 30
Table 4.1. General physicochemical properties of tea garden soils in Tan Cuong commune

.............................................................................................................................................. 42
Table 4.2. Comparison soil physicochemical properties between tea garden sites and forested
SITES ON THANSECE Bttt e sneesteeeesneenneenee s 44
Table 4.3. Comparison soil physicochemical properties of tea soils between Tan Cuong and
SONQ CAU COMIMUINES ....eieiiiiee ittt siiee e siiee et e et e e ba e e s be e e s be e e ssbe e e snbe e e snb e e e ssbe e e snbeeensbeeesnbeeenseees 45
Table 4.4. The contents of potentially available Mn, Fe, Cu, and Zn in tea soils in Tan Cuong
(070] 0 010 110 TP T TR PP RUPPPRRPRN 48
Table 4.5. Comparison of DTPA-extractable trace element contents in tea soils between Tan
Cuong and SONG CaU COMIMUINES ......c.vevitetertertestesteeseesee e bbbttt sse e e e e s e seesbesbesbeeee e 49
Table 4.6. Soil physical properties under tea gardens and forested patches in  Tan Cuong
(010] 0 010 10 TSP T TR PP UPPPRRPRN 50
Table 4.7. Comparison of soil physical properties between Tan Cuong and Song Cau
COIMIMUIIES ...ttt etttk se ekttt e ek e et e e he e e ke e e he e e b e e e he e e ke e e mb e e b e e ene e e e beeanbeenbeeanneens 50
Table 4.8. Weighted averages of chemical properties of soil solutions under tea gardens in
TN CUONG COMIMUINE. ...ttt ettt b e bt b e bt ab et e e et s e nneenne s 52
Table 4.9. Critical contents of trace elements in SOIlS .........cccoocvviiiiiiiiicice s 59
Table 4.10. Correlation coefficients between DTPA-extractable trace elements and clay
content, pH, and T-C in soils in Tan CUoNg COMIMUNE ........cccoerurriereerireieseesieeeeseeeseeeneenes 60
Table 5.1. The contents of chemical components in tea leaves and tea infusion in Tan Cuong
(010] 0 010 10 T TP PT PR UPPPPRTPPN 71
Table 5.2. Comparison of chemical components in tea leaves and tea infusions between Tan
Cuong and SONQG Cau COMIMNUNES .......ccuveireieeireeteaiesteesteeeesteesreaeesraessesssesseessesseesseessesssens 72
Table 5.3. Pearson correlation coefficients between the levels of functional components in
tea infusions and those of mineral elements in tea [€aVveS ..........cccccvveieeie i 78
Table 6.1. Soil physicochemical properties in Tan Cuong and Song Cau communes used in
FEOIESSION ANAIYSIS ..ttt et e e be e sae e e be e ra e e teenneeenes 81
Table 6.2. Multiple regression analysis of antioxidant activity, total polyphenols, and
(08 1T 01 SRRSO 82

Table 6.3. Correlation between selected soil parameters and the contents of mineral elements
TN TEA TBAVES .....eeeie ettt ettt e st e e e st e e be e e eneesraeteeneesreeteeneenneeen 83



List of Figures

Fig 1.1. Tea export ranking in the World in 2016.........cccccviieiieii e 7
Fig 1.2. Thai Nguyen province in Northern region of Vietnam .........c.ccoceoeieneiencnenennn 8
Fig. 1.3. Mean monthly temperature and precipitation in Thai Nguyen province in the period
20072007 ettt b bR Rttt b e bbb b ae e 14
Fig. 2.1. Study area, transect lines and sampling sites in Tan Cuong and Song Cau communes
.............................................................................................................................................. 17
Fig. 3.1. XRD patterns of the <2 um clay fraction of selected soil samples.............c.......... 33
Fig. 3.2. The results of the PCA on total element composition of Soils. ............cc.ccccerinnenne. 36
Fig. 4.1. Particle size distribution of tea garden soils at the surface 0-10 cm .............c........ 43
Fig. 4.2. Water retention curves 0f the SOIlS..........cccceiiiieii i 51
Fig. 4.3. Seasonal fluctuation of soil solution Chemistry...........ccccoviiiiiiiieici e 56
Fig. 4.4. Comparison of ion concentrations in soil solutions between two seasons at each
L0010 [T T TS L (=SSOSR PRRPORPRN 57
Fig. 4.5. Relationship of T-C and T-N with garden age in Tan Cuong commune............... 64
Fig. 4.6. Comparison of exchangeable bases, available P, NH4-N, and NOs-N between the
depths of 0-10 cm and 20-30 cm in Tan Cuong COMMUNE ......ccveeveiveerieeieieesieeee e e 65

Fig. 5.1. The results of the PCA on chemical components of tea leaves and tea infusion... 73
Fig. 5.2. Grouping tea gardens based on the concentrations of Catechins, Theanine, total

polyphenols, and antioxidant activity in tea infusions ............ccccocevieii i, 75
Fig. 5.3. Correlation between and theanine, total catechins, total polyphenols, and antioxidant
activity in Trung Du tea infusions and tea farm-gate shipping Prices........cccccvvervrerennnnn 76

Fig. 6.1. Correlations between clay contents and tea farm-gate shipping prices of tea in Tan
(@NTo] oo ole] 1010 00 o =TS UTRPRUPRRPRN 84


file:///C:/Users/VS9%20Win%208.1/Desktop/Thesis%20print/Thesis%20Chien_List%20tables.doc%23_Toc27053822
file:///C:/Users/VS9%20Win%208.1/Desktop/Thesis%20print/Thesis%20Chien_List%20tables.doc%23_Toc27053823
file:///C:/Users/VS9%20Win%208.1/Desktop/Thesis%20print/Thesis%20Chien_List%20tables.doc%23_Toc27053831
file:///C:/Users/VS9%20Win%208.1/Desktop/Thesis%20print/Thesis%20Chien_List%20tables.doc%23_Toc27053831
file:///C:/Users/VS9%20Win%208.1/Desktop/Thesis%20print/Thesis%20Chien_List%20tables.doc%23_Toc27053835
file:///C:/Users/VS9%20Win%208.1/Desktop/Thesis%20print/Thesis%20Chien_List%20tables.doc%23_Toc27053835
file:///C:/Users/VS9%20Win%208.1/Desktop/Thesis%20print/Thesis%20Chien_List%20tables.doc%23_Toc27053853
file:///C:/Users/VS9%20Win%208.1/Desktop/Thesis%20print/Thesis%20Chien_List%20tables.doc%23_Toc27053857
file:///C:/Users/VS9%20Win%208.1/Desktop/Thesis%20print/Thesis%20Chien_List%20tables.doc%23_Toc27053870
file:///C:/Users/VS9%20Win%208.1/Desktop/Thesis%20print/Thesis%20Chien_List%20tables.doc%23_Toc27053880
file:///C:/Users/VS9%20Win%208.1/Desktop/Thesis%20print/Thesis%20Chien_List%20tables.doc%23_Toc27053883
file:///C:/Users/VS9%20Win%208.1/Desktop/Thesis%20print/Thesis%20Chien_List%20tables.doc%23_Toc27053884
file:///C:/Users/VS9%20Win%208.1/Desktop/Thesis%20print/Thesis%20Chien_List%20tables.doc%23_Toc27053884
file:///C:/Users/VS9%20Win%208.1/Desktop/Thesis%20print/Thesis%20Chien_List%20tables.doc%23_Toc27053892
file:///C:/Users/VS9%20Win%208.1/Desktop/Thesis%20print/Thesis%20Chien_List%20tables.doc%23_Toc27053895
file:///C:/Users/VS9%20Win%208.1/Desktop/Thesis%20print/Thesis%20Chien_List%20tables.doc%23_Toc27053895
file:///C:/Users/VS9%20Win%208.1/Desktop/Thesis%20print/Thesis%20Chien_List%20tables.doc%23_Toc27053907
file:///C:/Users/VS9%20Win%208.1/Desktop/Thesis%20print/Thesis%20Chien_List%20tables.doc%23_Toc27053910
file:///C:/Users/VS9%20Win%208.1/Desktop/Thesis%20print/Thesis%20Chien_List%20tables.doc%23_Toc27053910
file:///C:/Users/VS9%20Win%208.1/Desktop/Thesis%20print/Thesis%20Chien_List%20tables.doc%23_Toc27053911
file:///C:/Users/VS9%20Win%208.1/Desktop/Thesis%20print/Thesis%20Chien_List%20tables.doc%23_Toc27053911
file:///C:/Users/VS9%20Win%208.1/Desktop/Thesis%20print/Thesis%20Chien_List%20tables.doc%23_Toc27053923
file:///C:/Users/VS9%20Win%208.1/Desktop/Thesis%20print/Thesis%20Chien_List%20tables.doc%23_Toc27053923

List of main papers
Main papers used in creating the dissertation

Peer-reviewed papers

1. Hoang Huu Chien, Maho Tokuda, Dang Van Minh, Yumei Kang, Kozo Iwasaki and Sota
Tanaka (2019). Soil physicochemical properties in a high-quality tea production area of Thali
Nguyen province in northern region, Vietnam. Soil Science and Plant Nutrition, 65 (1): 73-
81.

2. Hoang Huu Chien, Dang Van Minh, Kozo Iwasaki and Sota Tanaka (2020). Soil
Morphological, Mineralogical and Chemical Characteristics of Tea Gardens with High-
Quality Leave Production in Thai Nguyen province, Vietnam. Pedologist (accepted).

Conference presentations

1. Hoang Huu Chien, Sota Tanaka, Kozo lwasaki, and Dang Van Minh. Evaluation of soil
environment under tea gardens in special tea production area of Vietnam. 11th International
Kuroshio Science Symposium, 25 July 2017.

2. Hoang Huu Chien, Maho Tokuda, Dang Van Minh, Yumei Kang, Kozo Iwasaki, and Sota
Tanaka. Soil chemical properties in a high quality-tea production area of Thai Nguyen
province, Vietnam. 10th International Symposium on Plant-Soil Interactions at Low pH, 25-
28 June 2018.

3. RAHE, BAFEM 1LHR:43, Hoang Huu Chien, Dang Van Minh, B4+,
TR, Bl E =~ b 2AEE A A 7 = U ORRE THRE: SN AR EO E &R E T
BEOME. B A IR 2320194 L # A 23, 3-5 September 2019. ## .

4. H. Huu Chien, R. Otomo, K. Okumura, K. Yamane, D.V. Minh, T. Shimamura, S. Tanaka
and K. lwasaki. Soil Properties Affecting the Quality of Special Local Tea Produced in Thai
Nguyen Province, Northern Vietnam. 14th International Conference of the East and
Southeast Asia Federation of Soil Science Societies. 3-8 November 2019.



Summary

Introduction. In Vietnam, green tea is one of the most favorite beverage and tea
production plays an important role in the national agricultural sectors. Tan Cuong
commune in Thai Nguyen province is considered as the core center of tea production with
special tea quality. The evaluation of tea products by the stakeholders varied within the
commune, which is usually higher for the tea leaves produced around the riverside of
Cong River than those away from. It could be assumed that such difference in tea
evaluation may result from the differences in soil environments due to topographic or
other conditions in the commune.

Meanwhile, it is believed that increasing N uptake from soil brings about the
increase both in the yield and quality of tea plants, particularly the content of Theanine,
which is determinant for the “umami” and fragrance of tea infusion. Because of this,
excessive N fertilizer is applied, which may cause excessive soil acidification, the
leaching loss of nutrient elements, and water pollution. However, the information on tea
garden soils has been quite limited in Vietham. The purposes of this study are to
investigate the soils in terms of the distance from Cong River and to correlate the soil
factors with the contents of elemental components and functional components in tea
leaves including Theanine as well as Catechins (polyphenols; responsible for bitter and
astringent taste with a function of antioxidant effect) in order to develop appropriate,

environmental-friendly soil management schemes for tea production.

Materials and methods: The study area was located in the flood plain of Cong River in
Tan Cuong. The terrain was composed of back marsh lowland with interspersing rows of
the current natural dike and, followed by river terraces away from the river. Tea gardens
were located on the lowlands adjacent to the river and on the previous dikes or hill slopes.

Three transect lines (A, B, and C) were installed perpendicularly to the river, each
on which four study sites were established. They were coded as Al to A4, B1 to B4, and
C1 to C4. For comparison, four forested patches adjacent to the tea gardens on transect B



(BF1, BF2, BF3, and BF4) were selected. In addition, three tea gardens were studied in
Song Cau (S1, S2, and S3) which was considered as the inferior tea production area.

For pedological characterization, soil profiles were described at B1 to B4 and S1
and soil samples were collected from each pedological horizon for general
physicochemical analysis, clay mineral composition, Al, Fe and Si oxide-hydroxides, and
total element contents. To assess soil fertility, soil samples were collected at the depth of
0-10 cm and 20-30 cm in all study sites and analyzed for general physicochemical
properties and DTPA-extractable contents of Mn, Fe, Cu, and Zn. Undisturbed soil
samples were collected at the depths of 0-10 cm and 20-30 cm in B1 to B3, BF1, BF3,
and S1 sites to assess soil physical properties. At B1 to B4, soil solution was weekly
collected at 20 cm depth and its chemistry was analyzed. Meanwhile, tea leaf samples
were collected for the total element analysis. For tea infusion by boiling water, the
contents of total elements and the concentrations functional components (Theanine,

Catechins, total polyphenols, and antioxidant activity) were determined.

Pedological characteristics. Although all soils were strongly acidic throughout the
profile with high contents of exchangeable Al, pedological characteristics varied,
depending on physiological location of tea gardens and soil disturbance: the B1 and BF1
soils at the riverside were classified as Typic Ustipsaments. They were deep, sandy-
textured, and predominated by quartz and kaolin minerals in the clay fraction. Meanwhile,
the B2 to B4 and BF3 soils far from the river were Typic Dystrustepts while the S1 soil
was Typic Paleustults. These soils were relatively shallow, fine-textured with 2:1 clay
minerals as well as kaolin minerals. The (Feq-Feo)/Fet ratio was the lowest in B1 and BF1
sites and the highest in S1 site. These results indicated that the former soils were supplied
as sediments upon flooding while the latter were intrinsic in relatively moderate-
weathered status. The analysis of total element contents supports these views. In addition,
the influences of soil disturbance were observed in the soil profiles and properties in B2
and B4 sites.



Soil fertility. The soils showed strongly acidic nature with the average pH(H20) of 3.7
at the surface and 3.9 at the subsurface. The ECEC was low, and dominated by
exchangeable Al. In spite of such acidic condition, a relatively large saturation of
exchangeable Ca, K, and Mg on the ECEC was found in the surface soils. The level of
available P was high, occasionally exceeding 1000 and 500 mg kg™ at the surface and
subsurface, respectively. Nitrification was not restricted, and a portion of NH4-N applied
as fertilizers was converted to NOz-N in the surface soils to move down to deeper layers.

Three determinant factors of soil properties and fertility were identified: the first
is the distance from the river for which soil texture classes varied from sandy loam close
to the river to light clay far from the river. Physical properties were related to soil texture
and also depended on the distance from the river. Influences on these properties by soil
compaction were found at the riverside site. In addition, the exposure of subsurface soils
due to severe disturbance was found in the farthest site from the river. The second was
the garden age for which the levels of T-C and T-N were correlated with increasing age,
suggesting that the addition of plant residue and manure replenished soil organic matter
pools after the establishment of tea gardens. Lastly, fertilizer management practices
principally determined the levels of the exchangeable bases, available P, and mineral N.
However, a significant portion of these nutrients was likely to exist in water soluble forms
without adsorption onto soils. Chemistry of soil solution also revealed that a lot of acids

and nutrients were leached down and lost from soils.

Tea quality evaluation. The contents of mineral elements in tea leaves and tea infusion
were in a harmless range for consumers. Regarding to the functional components, tea
quality in the riverside sites was superior both in Theanine and total polyphenol contents
of tea infusion, compared with those on the previous dikes and Song Cau, which
corresponded to the market evaluation. Therefore, it is supposed that the increasing
Theanine content could contribute to rising the market prices of tea products. The
correlation analysis between mineral elements in tea leaves and functional components

in the infusion revealed that the elements N, P, K, and Zn taken-up by tea plants could



enhance the synthesis and accumulation of Theanine while the increasing Ca, Mg, and Al

could lead to those of polyphenols including Catechins.

Important soil factors affecting tea quality. The multiple regression analysis revealed
that pH, EC, and exchangeable Mg in the surface soils and potentially available Zn in the
subsurface soils had significant effects on the levels of total polyphenols, Catechins, and
antioxidant activity in tea infusion. The enhancement of the synthesis of phenolic
compounds as a defensive substance may induced by the soil conditions with strongly
acidic nature, a relatively high content of exchangeable Mg and the deficiency of Zn,
which may result in more bitter taste of tea products. The obvious case was the higher
contents of total polyphenols and Catechins of tea infusions from Song Cau due to the
combination of negative effects of these soil factors. In contrast, judging from the positive
correlations between the Theanine content in tea infusion and total contents of N, P, K,
and Zn in tea leaves and negative correlations between those contents in the tea leaves
and clay contents of the soils, it is suggested that the availability of these elements are
crucial to building up the umami taste and fragrance. This is the case of higher contents
of Theanine of tea infusions at the tea gardens at the riverside (Al, B1, and C1 sites) with
the coarse-textured soils, which could allow readily uptake of fertilizer nutrients as water -
soluble forms. Thus, according to the soil and tea-leave analysis, soil managements to
increase the availability of N, P, K, and Zn and reduce exchangeable Mg under
moderately acidic condition are required to improve tea quality through enhancing the
synthesis of Theanine and retarding that of polyphenols.

As the conclusion, the management replacing the current system depending on
chemical fertilizer is recommended for the enhancement of tea quality through
environmentally-friendly tea production. Firstly, the application of green manure of tea
pruning materials is essential to increase the contents of soil organic matter (humic
substance, especially) with the aim at improving CEC promoting soil aggregate
formation. The second is the improvement of soil chemical aspects with appropriate

alleviation of soil acidity as well as balanced nutrient composition to stimulate the



